mental patterns of heme oxidation in skin and the liver were determined on pooled tissue from animals at different ages.
24 h after treatment, the rats were stunned, and hair was shaved offthe skin at the injection site and at a distant area. A patch of skin approximately 3 cm s in area was then removed from each site. Skin 9,000 g fraction was prepared for enzyme assays by the method of Bickers et al. (12) and routinely used as the enzyme source. Liver and skin microsomal fractions were prepared as described elsewhere (5) . The protein contents of skin and liver enzyme fractions were adjusted to 4-6 mg/ml of which 3 ml or 2 ml, respectively, were used in a 6 ml assay medium. Biliverdin reductase was added to the assay medium when measuring heine oxidation activity in liver or skin microsomal fractions. This addition was not made when heine oxidation activity of the skin 9,000g fraction was assayed.
Enzyme Assay. Heme oxidation activities of skin and liver were studied as described earlier (5) .
All reported data are the means of at least three experiments. The data were analyzed using the Student's t test and a value ofP < 0.05 was considered to denote significance.
Results
The 9,000 g supernatant fraction of skin, and skin microsomal fraction supplemented with biliverdin reductase, were able to form bilirubin from heme during incubation with a reduced nicotinamide adenine dinucleotide phosphate-generating system. The heme oxidation activities of skin microsomal fractions were two-to threefold higher than those of 9,000 g supernatant fractions, indicating the microsomal nature of the enzyme. Skin heme oxygenase activity exhibited other similarities to the liver heme oxygenase system including kinetic parameters and the cofactor requirements.
Skin heme oxygenase responds to heme in the same manner as does the enzyme of other tissues such as the liver. As depicted in Fig. 1 , two daily subcutaneous (s.c.) injections, of heme caused a threefold increase in heme oxidation activity at the site of injection, relative both to an area distant to the site of injection, and to skin at the site of injection from rats receiving saline. By contrast, this much heme administered intraperitoneally increased only slightly skin heme oxygenase activity. Thus the elevation of enzyme activity in skin after s.c. injection of heme is largely a local rather than a systemic phenomenon.
Cobalt was the first metal discovered to possess potent heme oxygenaseinducing ability (6) . Cobalt-heme is also an active inducer of the enzyme in liver (5) . However, the tetrapyrrole nucleus, protoporphyrin-IX, lacking a central metal ion, is not an inducer of the hepatic enzyme. Accordingly, the effects of a single s.c. injection of cobalt, cobalt-heme, or protoporphyrin-IX on heme oxidation activity of skin and liver were compared. As shown in Table I , skin heme oxygenase activity was also significantly increased (at the injection site) by cobalt-heme or cobalt, and the enzyme activity was not altered by protoporphyrin-IX. Elevation of skin heme oxygenase by these nonphysiological substances was also a localized action since the enzyme activity from skin at the injection site was significantly increased relative to the enzyme activity of skin from the same animal at a distant area. In vitro cobalt at low concentrations (up to 150 ~M) did not alter heme oxidation activity, and at high concentrations (150-500 ~M) cobalt was inhibitory to enzyme activity (data not shown).
In another experiment the possibility that elevation Of heme oxygenase might be a skin response elicited by certain pathophysiologic stimuli was also investigated. As shown in Fig. 2 , skin heme oxygenase was increased at the treatment Effect of heme on the bilirubin-forming capacity of rat skin. Heme (40 ~mol/kg) or saline was administered s.c. or intraperitoneally to rats 24 and 48 h before killing. The 9,000 g fractions were prepared from the specimens of skin from the site of injections and from a distant area from the site of injection of the same rats. Heme oxidation activity was analyzed as described in the Materials and Methods. Each reported value is the mean of at least three experiments. * P < 0.05 in respect to control. Cobalt-heme, protoporphyrin-lX (40 ~mol/kg, each), CoCI~-6H20 (250 pmol/kg), or saline were administered (s.c.) 24 h before sacrifice. Heine oxygenase activity was assayed in the 9,000 g fraction of skin and in the hepatic microsomal fraction as described in the Materials Methods section.
site by stimuli such as severe bruising, injection of hemoglobin (blood), or myoglobin. The culminating response of the enzyme to injury was of considerable magnitude emphasizing the important role that heme oxygenase can play in the degradation and disposal of released intravascular heme subsequent to tissue injury. The increase of heme oxygenase by myoglobin is of interest and implies catabolism of myoglobin by this cutaneous enzyme. As noted, blood when injected s.c. also caused a localized elevation of heme oxygenase activity. Table II shows the developmental patterns of skin and liver heme oxygenase activities. In both tissues, this activity immediately after birth as well as during the 1st wk of postnatal development was considerably higher than that of adult animals. After 2 wk postpartum the enzyme activity in both liver and skin approximated the adult values.
Discussion
This study demonstrates that microsomes from rat skin are capable of oxidatively degrading heme to bile pigment. Skin heme oxygenase activity is increased by the same compounds which have been demonstrated to induce this enzyme in the intact liver (5) and cultured avian hepatocytes (11) . Moreover, all culture studies have shown that fibroblasts and macrophages, both of which are Effect of bruising, myoglobin, and lysed blood on the bilirubin-forming capacity of rat skin. Rats were bruised by placing a fold of skin between a rubber stopper and a rubber mallet, and striking the mallet eight times. Rat blood (0.3 ml) was obtained by cardiac puncture, lysed by mixing with 0.3 ml sterile, distilled water, and injected s.c. into the same rat. Rats were anesthetized with ether during bruising or bleeding. Other rats received s.c. myoglobin (40/~mol/kg) or saline. After 24 h, tissues were prepared for enzyme analysis as described in the Materials and Methods section. * P < 0.05 with respect to control values. present in skin, also possess heme (4) and metal (Co ~+) inducible heme oxygenase activity (2) . Therefore, it can be inferred that the observed increased heme oxygenase activity in intact skin as a response to these stimuli is also an induction phenomenon. In addition, the skin heme oxygenase system exhibited a developmental pattern which closely resembled that of liver. The similarities of the response of skin and liver to different stimuli suggest that the enzymatic heme oxidation activity in these tissues are regulated by the same mechanisms. The elevation of heme oxygenase activity in skin in response to non-injurious stimuli is most likely due to increased activity in fibroblasts which under normal conditions constitute the bulk of the skin. On the other hand, the increase in skin heme oxygenase activity after bruising and tissue injury could reflect increased activities of both fibroblasts and macrophages due to changes in the cell composition of bruised skin, through proliferation or migration of macrophages. The finding that skin heme oxygenase is locally elevated by the cellular constituents released during injury (such as myoglobin and hemoglobin) further emphasizes the physiological importance of skin heme oxidation activity in bile pigment formation in certain circumstances. This capability may, for example, eliminate or diminish the need after tissue injury for the transfer of released tissue hemoproteins to other organs such as the liver or spleen for oxidative degradation. Moreover, the pattern of skin pigmentation after bruising or s.c. hemorrhage clearly implies that bilirubin and biliverdin accumulate locally.
The findings reported here that heine oxygenase activity in skin was also increased after s.c. administration ofheme, cobalt ion, or cobalt-heme, but not of saline or protoporphyrin-IX, indicates that the elevation of enzyme activity in skin is a response to specific stimuli and not a manifestation of nonspecific injury. This view is supported by the similarity in the responses of hepatic heme oxygenase activity to each of these agents.
Finally, in the newborn, due to the proportionally large amount of skin in relation to body mass, elevated skin heme oxidation activity is probably a significant contributing factor to the development of postpartum jaundice. This factor could operate, in addition to the increased hepatic heme oxygenase activity (7, 13) and the depressed hepatic glucuronyl transferase activity (14) , to exaggerate the degree of jaundice occurring at this stage of development. Increased skin heme oxygenase activity during the 1st wk postpartum may well be in fact a response to the elevated levels of heme in the general circulation which occur after parturition. Chemical methods of repressing cutaneous induction of heme oxygenase thus may offer a novel preventive therapeutic approach to the problems associated with neonatal jaundice.
Summary
Skin heme oxygenase is locally elevated by stimuli such as tissue injury and injections of whole blood, myoglobin, and hematin. The enzyme activity is also increased at the proximity of the injection site of chemicals such as cobalt and cobalt-protoporphyrin-IX (cobalt-heme). Protoporphyrin-IX, the tetrapyrrole nucleus of type-b heme compounds, was ineffective in altering the enzyme activity in vivo.
The developmental pattern of heme oxygenase in skin was compared to that of the enzyme in liver. The enzyme activity in both organs was greatest during the 1st postpartum wk and declined to adult levels after 2 wk.
The physiological implications of the increased activity of skin heme oxygenase are discussed, and it is concluded that the activity of the hepatic heine oxygenase system and that of the skin are regulated by the same mechanism.
